Although treatment of hepatitis C has improved, up to 50% do not respond to standard therapy with interferon regimes or cannot tolerate the treatment due to side effects. The purpose of the present investigation was to evaluate the safety and effectiveness of the antiviral drug amantadine for the treatment of hepatitis C in those who had either previously failed interferon therapy or were not candidates for interferon.
C
urrently, the only approved therapy for the treatment of chronic hepatitis C is either interferon alone or in combination with ribavirin. 1 Newer interferon formulations have recently been approved for the treatment-naive patient (i.e., pegylated interferons), which may decrease the side effect profile 2 ; however, the pegylated formulations of interferon are not FDA approved in those who have previously been treated for hepatitis C. Unfortunately, up to 40% to 50% of those who respond to therapy with interferon or interferon with ribavirin will relapse upon discontinuation of therapy. 3 The response rate appears to depend upon the hepatitis C genotype, pretreatment hepatitis C viral blood level, and liver histology. 4, 5 Patients having advanced liver disease, such as cirrhosis, have a decreased sustained response to interferon therapy compared to those with mild histology, such as without fibrosis. 6 Previously, two end points have been used when determining a response to treatment of hepatitis C, including normalization of the liver enzymes ( biochemical response) and loss of hepatitis C RNA in the blood (virological response). Although serum alanine aminotransferase (ALT) values decrease as an indication of response to therapy, it is becoming clear that the aminotransferases are imperfect indicators of infection. Hepatitis C viral RNA (HCV RNA) has been detected in plasma of patients with normal ALT values. 7, 8 Studies have shown that if HCV RNA is detected in blood at the termination of interferon therapy, these subjects will have persistent disease regardless of normalization of liver enzymes. 9 Although these subjects still have detectable viral RNA, normalization of liver enzymes with therapy has been correlated with improvement of histology by liver biopsy. 10 Interferon has been associated with numerous side effects, and some patients, as a result, discontinue therapy prematurely. 11, 12 Ribavirin, which is now given in conjunction with interferon and considered standard of care, has been associated with hemolytic anemia. 13 Patients with coronary artery disease who develop ribavirin-induced anemia are at risk of developing cardiac complications, and myocardial infarction has been reported. 13, 14 Ribavirin is also a teratogen and may not be given to children or sexually active adults without effective birth control. The antiviral drug amantadine has previously been shown in a small pilot study to have a response rate of about 18% in patients with hepatitis C who had previously failed interferon therapy. 15 The mechanism of action of amantadine on the hepatitis C virus may be related to blockade of the p7 protein activity necessary for particle replication. 16 The purpose of the present study was to evaluate the safety and efficacy of amantadine monotherapy when administered to patients with chronic hepatitis C compared to that of a placebo in a population of patients who were either interferon failures or not candidates for interferon therapy. Efficacy of 6 months of amantadine therapy was also compared to 12 months of amantadine therapy.
METHODS

Study Design
The study was designed as a double-blind, placebocontrolled semi-crossover clinical trial. Patients were randomized to receive either amantadine 100 mg (Symmetrel) or placebo by mouth twice daily for a total duration of 6 months. After 6 months, patients receiving the placebo were crossed over to amantadine therapy for 6 months, while those on amantadine continued on this treatment for 6 additional months. Hence, one group was treated with amantadine for 12 months (treatment group A) and another group was treated with amantadine for 6 months (treatment group B). After the discontinuation of therapy, all patients were followed off therapy for 6 additional months. A history and physical examination were performed and laboratory tests were assessed at baseline and monthly. Also at baseline and monthly thereafter, symptoms or medication side effects (fatigue, insomnia, arthralgias, difficulty concentrating, headache, and depression) were recorded and scored for severity on a scale of 1 to 5 with 5 being most severe. Every 3 months during the study and followup phase, the patients completed a quality of life survey (McMaster Health Index   17 ). HCV RNA was evaluated prior to treatment and every 3 months utilizing the quantitative branched chain DNA analysis ( bDNA) methodology ( bDNA version 2.0 assay, Chiron/Bayer, Hershey, Penn) with a sensitivity of 0.2 MEq/ml. Negative serum HCV RNA values by bDNA were confirmed with a qualitative polymerase chain reaction (PCR) assay (COBAS Amplicor version 2.0 assay, Roche, Hershey, Penn) with a sensitivity of 50 IU/ ml. 18 The study protocol and consent were approved by the Institutional Review Board Committee from Pennsylvania State University College of Medicine, the Food and Drug Administration, and the National Institutes of Health; each patient or guardian read and signed the informed consent. All subjects had a liver biopsy performed within 2 years of enrollment.
Sample Size
The sample size was determined by the biostatistician in the Health Evaluation Science Department at the Pennsylvania State College of Medicine. The biostatistician used the following information: the primary outcome variable for this study was response to treatment with loss of RNA, so that the proportional hazard regression analysis was appropriate for the statistical comparing of the two arms. Allowing for a 10% withdrawal rate, a sample size of 152 randomized patients yielded an 80% statistical power with a two-sided, 0.05-significance level for detecting hazard for an amantadine group that was less than or equal to 40% of the hazard of the placebo group. In order to calculate the number of patients needed, the biostatistician utilized the 18% response rate in the pilot study that was previously published 15 and the placebo response rate of 8% found by Davis et al. 11 It was calculated that if amantadine therapy resulted in a response rate of at least 22% in treatmentnaive patients as reported by Davis for interferon 11 or in a 14% response achieved in interferon failure patients as reported by Brillanti et al., 19 then the number of patients needed for this study was as stated. At the time this study was designed, these were the only references and response rates that were available for treatment of hepatitis C. Additionally, when this study was designed, pegylated interferons were not yet FDA approved and statistics were not available for that mode of therapy.
Determination of Response
A biochemical response was defined as normalization of ALT and a virological response by loss of HCV RNA by PCR. The end-of-treatment response (ETR) refers to loss of HCV RNA at the end of the treatment phase, whereas a sustained virological response (SVR) was defined as negative HCV RNA 6 months after completion of amantadine therapy.
Inclusion Criteria and Randomization
A stratified randomized scheme was invoked in which subjects were randomized within 1 of 32 strata, based on a 5-way classification of age, gender, HCV RNA blood level, severity of liver disease (fibrosis by histology), and whether they had previously received interferon therapy or were naive to therapy. The age stratification for inclusion criteria included 4 groups as follows: age 0 to 9 years, greater than 9 years and up to 18 years of age, 18 years to 50 years old, and greater than 50 years of age. HCV RNA levels used for randomization criteria were either high (greater than 2 × 10 6 IU/ml) or low (2 × 10 6 IU/ml or less). Randomization according to histology was determined according the Metavir scoring system 20 where patients were classified as either severe (a score of 3 or 4) or mild (a score of less than 3). SAS statistical software (SAS Institute, Cary, NC) was used to generate the treatment codes within each of the 32 strata for implementation by the pharmacy.
Patients were eligible for the study if they had previously failed interferon, were intolerant of interferon side effects, or were not candidates for interferon therapy due to either depression, neutropenia, or thrombocytopenia. In patients who had previously been treated with interferon, a period of 6 months off therapy and a liver biopsy were required before enrollment. The minimum age for the study was 1 year. Patients over the age of 65 years were eligible if a chest x-ray, electrocardiogram, and creatinine clearance were normal prior to enrollment. Patients were eligible for the study if the liver enzymes were abnormal, HCV RNA was detectable in the blood, and inflammation was identified by liver biopsy. Females of childbearing potential were required to use medically accepted contraceptive regimens if sexually active, and pregnancy tests were performed at each visit. All patients enrolled in the study had compensated liver disease with a serum albumin greater than 3.0 g/dL, and a prothrombin time not greater than 2 seconds over control. Other inclusion criteria included a serum creatinine less than or equal to 1.5 mg/dL, hemoglobin greater than or equal to 12.0 g/dL, leukocyte count greater than or equal to 3.5 × 10 6 g/dL, ANA less than 1:160, platelet count greater than or equal to 40,000 U/L, and alpha-fetoprotein level below 50 ng/ml. If the alpha-fetoprotein level was between 25 and 50 ng/ml, the patient was required to have an ultrasound, computerized tomography, or magnetic resonance imaging of the liver.
Exclusion Criteria
Exclusion criteria included evidence of decompensated liver disease such as ascites, encephalopathy, bleeding esophageal varices, or abnormal laboratory values as listed above. Patients with other forms of liver disease (i.e., alcoholic, hepatitis B, autoimmune hepatitis) were excluded from the study, as were patients with active HIV infection. Those with other serious medical conditions such as cancer, renal failure, congestive heart failure, or other active cardiac disorders, diabetic ketoacidosis, extensive eczema, seizure disorders, and patients with severe psychosis or psychoneuroses were all excluded from the study. Patients actively using illicit drugs or alcohol were also excluded; and antiviral medications, oral steroids, immunosuppressive medications, or anticoagulation therapy were not allowed during the study.
Dosing Schedule
Adult patients and children age 10 years or greater meeting the eligibility criteria were randomized to treatment with either amantadine 100 mg orally twice daily for 12 months or placebo twice daily for 6 months followed by amantadine 100 mg orally twice daily for 6 months. Placebo consisted of sucrose in ghost capsules. Identical ghost capsules were filled by the pharmacist with amantadine and sucrose, so that neither staff nor patients could distinguish between placebo and active drug. Children ages 1 to 9 years were randomized to receive one of two regimens: either placebo twice daily for 6 months in a sucrose elixir followed by amantadine 4.4 mg/kg per day in 2 divided doses for 6 additional months (not to exceed 150 mg daily), or amantadine 4.4 mg/kg per day in 2 divided doses for 12 months. In these children, amantadine was given in the elixir formulations at a concentration of 50 mg/5 cc. Placebo elixir consisted of sucrose syrup mixed with raspberry flavoring and food coloring to match the taste and color of the amantadine elixir. Amantadine (Symmetrel) was supplied by Endo Pharmaceuticals Inc. (Chadds Ford, Pa).
Biostatistics
All data were evaluated using an intent-to-treat analysis. A χ 2 test was used to compare treatment groups for binary responses (e.g., genotype, responder status). Pearson χ 2 test was used to compare treatment group A to group B for binary responses at a specific point in time (e.g., gender and prior interferon treatment at baseline). For correlated binary responses (e.g., symptoms at baseline and 6 months), generalized estimating equation methodology was used to fit logistic regression models to compare the treatment groups. 21 Two-sample t tests were used to compare paired differences (e.g., baseline to 6 months for weight change) between the treatment groups. Comparisons were made between and within treatment groups. To meet modeling assumptions, transformations of the response variables (e.g., natural logarithm) were taken when necessary. All data were analyzed using the SAS statistical software 22 or S-Plus statistical software (MathSoft Inc., Seattle, Wash).
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RESULTS
Patient Demographics
One hundred fifty-two patients enrolled in this research study: 144 were white, 2 were Hispanic, and 6 were African American. One hundred and two participants were males and 50 were females. Patients' ages are shown in Table 1 , with the most common age distribution being between 41 and 50 years. Of the 152 subjects enrolling in the study, 148 completed the first 6 months, 140 completed the 12-month treatment phase of study, and 132 completed 18 months, which included the 6-month follow-up period. The randomization stratification factors used in this study on enrollment, genotype, and the number of patients in each arm of the study are shown in Table 2 . As expected, due to the stratified randomization, there was no statistically significant difference between the two treatment arms in relationship to age, gender, histology of liver biopsy, prior treatment with interferon, HCV RNA level, or genotype at the onset. Two patients were unable to be genotyped by two separate laboratories. There were no statistical differences between the pretreatment ALT or HCV RNA values in the groups.
Biochemical Response to Treatment
ALT values significantly decreased from a median baseline level of 106 U/L to 77.5 U/L ( P = .008) in subjects treated with amantadine over the first 6 months (Fig. 1) . ALT values in subjects receiving amantadine also were significantly less ( P = .04) after 6 months (77.5 U/L) compared to ALT values of those receiving placebo (97.5 U/L) for the same time interval. Twenty-five percent of those treated with amantadine had ALT levels in the normal range at the end of 6 months of therapy compared to 7.6% of placebotreated subjects. When the placebo-treated subjects were then treated with amantadine during the second 6 months of the study, their ALT values fell significantly to a value of 82 U/L from the pretreatment value of 97.5 U/L ( P = .0008) and pre-placebo ALT values of 103 U/L ( P = .02; Fig. 1 ). After 12 months of amantadine 22.5% had normal enzymes, which was not statistically different than the response to 6 months of therapy. Six months after cessation of amantadine treatment, 50% of those with normal ALT levels determined at the end of treatment still had normal enzyme values.
Virological Response to Therapy
HCV RNA was negative after 6 months of amantadine treatment in 9% of the patients. Only 3 additional subjects cleared virus by extending the amantadine treatment to 12 months, making the end of treatment response rate 11.4%. Only 1 child under the age of 18 responded, but relapsed after amantadine was stopped. The SVR 6 months after amantadine was discontinued was 6.8%. The mean age of those with an SVR was 45.3 years (range 40 to 56). Fiftysix percent of those with an SVR 6 months after discontinuation of amantadine were females and 56% had been treated with amantadine to 12 months while 44% had 6 months of therapy. Sixty-seven percent had mild disease on the pretreatment liver biopsy. Pretreatment HCV RNA values were significantly lower in subjects obtaining an SVR (70,769 ± 13,750 IU). HCV RNA values were performed twice in all subjects after discontinuation of therapy and negative results were confirmed by the qualitative HCV RNA assay by PCR. Of those treated with placebo, only 1.6% had undetectable HCV RNA by PCR and this difference was not significant compared to the amantadine treatment.
Virological Response by Randomization Criteria
When response rate to amantadine compared to placebo at 6 months was analyzed by logistic regression for the various randomization groups, some differences were discovered. Female patients responded better than male patients with an odds ratio of 4.8 ( P = .01). Those 50 years of age and greater had a better response to therapy compared to those less than 50 years with an odds ratio of 3.2 ( P = .09). No difference in response was found based upon prior treatment, HCV RNA levels, liver histology, or genotype.
Other Laboratory Results
White blood cell count increased ( P = .004) and total bilirubin decreased ( P = .002) in patients receiving * Significantly different from placebo at 6 months at P = .04. ** Significantly different from baseline value at P = .008. † Significantly different from placebo at 6 months at P = .02. † † Significantly different from baseline value at P = .0008.
amantadine versus placebo; however, both the white blood cell count and bilirubin levels remained within the normal range in both groups. There was no statistically significant difference between the 2 treatment groups in regard to other blood values, including blood urea nitrogen, serum creatinine, alkaline phosphatase, albumin, or prothrombin time.
Symptom Surveys
Six different symptoms were scored prior to therapy (Table 3 ) and at each subsequent visit. Fatigue was the most common symptom, followed by arthralgias and depression at baseline and after 6 months (Table 3 ). There was no significant change in the symptoms during the study in either treatment arm.
Quality of Life
The McMaster quality of life survey divides questions into 3 categories: emotional, social, and physical. No statistical differences were observed in any category during the first 6 months of the study. However, the social scale markedly improved in subjects receiving amantadine for 12 months compared to those receiving amantadine for only 6 months ( P = .02).
Dropouts and Adverse Events
Compliance to the protocol regimen was excellent, with 98% completing the first segment of the study and 92% completing the 12 months of therapy. Twenty subjects did not complete the entire 18-month study period. One patient was terminated during the first month due to pregnancy; she had received placebo. Three additional study subjects were lost to follow-up in the first 6 months; hence, 148 patients were evaluable. One patient discontinued therapy due to depression after 6 months; she had been receiving placebo. Another patient with cirrhosis was terminated from the study at month 6 due to progressive liver disease and ascites; he had received placebo. Twelve patients were lost to follow-up between month 6 and month 12, and 8 additional subjects failed to keep the 18-month appointment, 6 months after completion of therapy although they were evaluated 3 months after drug cessation. One subject terminated in the 11th month of therapy due to mental confusion, which resolved after discontinuation of amantadine. Other adverse events reported that did not warrant discontinuation of the study drug included one of each of the following: impotence; hoarseness; weight loss greater than 10% body weight; urticaria after shiitake mushroom ingestion; depression; pruritus; and Bell's palsy. All of the above adverse events resolved without discontinuation of amantadine.
Two patients experienced severe ataxia when the medication Wellbutrin was administered for smoking cessation in combination with amantadine. The symptoms resolved with discontinuation of Wellbutrin.
DISCUSSION
The present study revealed that amantadine monotherapy induced a significant biochemical response in subjects with chronic hepatitis C infection compared to placebo. This response was sustained in half of those who normalized the ALT even after the amantadine therapy was discontinued. More subjects cleared the HCV RNA with amantadine than on placebo and 6.8% had a sustained virological response after amantadine was discontinued. Although these numbers may appear small and do not meet statistical significance with the size of this study, they are similar to the responses seen in those who have failed interferon therapy and are retreated with interferon. 24 Studies from others using amantadine support the finding of our trial in that amantadine therapy has antiviral properties against hepatitis C. 25 -28 Even though the response with amantadine monotherapy is low, it may be beneficial to those who cannot tolerate interferon by normalizing enzymes and improving fatigue. In subjects who have not responded to interferon, retreatment with the triple regimen offers a better response rate than double (combination) treatment. 28 Although many of these studies have demonstrated an improved response with the addition of amantadine to standard therapy, none of these studies has examined the effects of amantadine therapy alone in interferon-failures or interferon-intolerant subjects. Tabone et al. studied the effects of 2 months of amantadine monotherapy in 40 hepatitis C subjects and found a significant decline in ALT levels without a response in HCV RNA. 29 The findings in the present clinical trial confirm and support these preceding studies indicating that the drug amantadine has antiviral properties against the hepatitis C virus and may improve long-term response. Nearly half the patients in this study (48%) had advanced liver histology with either bridging fibrosis or cirrhosis. Frequently, these patients are not candidates for interferon therapy due to hypersplenism or other factors such as 31 found that of 293 hepatitis C-infected patients presenting for evaluation, 72% were not eligible for interferon for reasons including noncompliance, medical contraindications, active substance abuse, patient preference, or normal ALT. Because the patients in this study exhibited a favorable response to amantadine with excellent compliance, perhaps amantadine may be useful in patients intolerant or unresponsive to interferon, or in whom interferon is contraindicated or provides high risk. The majority of the study subjects were genotype-1, which is consistent with the distribution of genotypes in America. Historically, genotype-1 exhibits the greatest resistance to therapy with interferon 32 ; however, our results showed a favorable response to amantadine in those with genotype-1 that was significantly greater than the other 3 genotypes studied (2, 3, and 4) .
Although the number of children treated in this study was small, children tolerated amantadine without serious side effects. Because amantadine is available for administration in an elixir formulation, it can easily and safely be administered to children under age 10. The dropout rate in this present study was low mostly due to the tolerability of amantadine with minimal side effects. The pretreatment symptom analysis demonstrated that patients with hepatitis C have high incidence of fatigue, arthralgias, and depression; therapy with amantadine at the doses given did not significantly alter the symptoms. The development of side effects from amantadine therapy was infrequent, and only 1 subject terminated the study in the 11th month, due to confusion. Depression, which occurs with a frequency of 30% to 53% in those treated with the interferon-ribavirin combination, 33 was a rare side effect of amantadine. In the present study, 1 subject receiving placebo discontinued therapy due to depression, and a second subject on amantadine developed depression, but continued the study drug with counseling and supportive care. With this low frequency of drug-induced depression with amantadine (approximately 1%), amantadine may be safer than interferon in subjects with underlying depressive or psychiatric disorders. Quality of life did not deteriorate while on amantadine. Rather, significant improvement was found in the social category of those subjects treated for 12 months with amantadine, and there was a trend toward increased energy and less fatigue. Others have also reported improved quality of life in subjects when amantadine is added to combination therapy compared to combination therapy alone. 26 Many subjects in the present study felt an overall improvement in well-being and ability to exercise or work while on therapy. With the low side effect profile, amantadine could be less likely to interfere with the ability to work.
Although the placebo-treated group was crossed over to therapy for the second 6 months of the study, thus eliminating the comparison of sustained virologic response at follow-up in both groups, the spontaneous remission rate for chronic hepatitis C has been reported between 1% and 3%. 10 Hence, the sustained virologic response reported for amantadine for 6 months of therapy or 12 months of therapy in this present study is greater than that reported historically for placebo controls. It would be of interest to evaluate the effect of utilizing higher doses of amantadine for the treatment of hepatitis C. Additionally, it is uncertain at this time whether the combination of amantadine and ribavirin would have a greater response than amantadine alone. Last, with health care costs today and the prevalence of hepatitis C worldwide, the expense involved to treat someone with oral amantadine is considerably less than that of interferon. 34 In conclusion, amantadine oral therapy appears to have activity for treating hepatitis C. Certain populations that either do not respond to, or are intolerant of, interferon may be good candidates for amantadine monotherapy. Further studies are needed to evaluate higher doses and combination therapy with amantadine and other antiviral agents. Amantadine therapy may provide a new hope in the key to treating this common difficult disease.
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